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Introduction

29
With the increasing water demand, the management of coastal aquifers has been a primordial 
39
4% of saltwater is enough to render it unsuitable for drinking or irrigation purposes and rising 40 this to 6% will render the groundwater unfit for all purposes except for cooling (Morris et al., 41 2003).
42
The preservation of groundwater quality in coastal areas has promoted the deployment of 
66
The viability of physical barriers has been discussed in previous studies (e.g. Hasan Basri, 
87
To address this point, this paper aims to examine the use of subsurface dams as SWI intrusion 88 control in heterogeneous aquifers. The effectiveness of subsurface dams was characterized by 89 the ability 1) to restrict saltwater spillage and 2) to clean up the freshwater zone from residual 90 saline water. This study provides for the first time an analysis of the spillage of saline water 91 over the subsurface dam, which has never been captured in previous studies. More generally, 92 this study is amongst the first attempts to provide insight on transience SWI in typical 93 heterogeneous coastal aquifer settings in physical model.
94
The investigation was completed using a combination of laboratory experiments and (Fig 1) . The tank was composed of three main parts, namely a central chamber to 107 simulate the porous media and two side reservoirs at either side to impose head boundary The left and right side reservoirs were used to supply freshwater and saltwater to the system, In total, two sets of four experiments were completed (Fig 2) , which included one set of base 
Experimental procedure
161
The various hydraulic gradients were simulated by varying the freshwater level such that 162 various head differences were successively imposed to the system. In all the investigated 163 cases, the initial condition was set by forcing a head of 135.7 mm at the freshwater boundary 164 to impose a first head difference dh = 6 mm to the system, corresponding to a hydraulic 165 gradient of 0.0158. The dense saltwater solution was allowed to intrude into a fully freshwater 166 aquifer, until the system reached the first steady state condition.
167
In the base cases, three head differences were applied thereafter, including dh = 5.2 mm, dh = respectively. The final head difference was eventually reset to the initial value dh = 6 mm to 170 allow the analysis of the seaward motion of the saltwater.
171
In the subsurface dam cases, two additional head differences were imposed to the system, 172 specifically dh = 2.8 mm and dh = 2 mm, corresponding to a hydraulic gradient of 0.0074 and 173 0.0053, respectively, before returning the head to dh = 6 mm. The application of these 174 additional head difference was primarily to ensure the spillage of the saline water over the 175 wall, which is primordial in this investigation. The highest and lowest head differences The second criterion used to characterise the performance of subsurface dams was the ability The SEAWAT code was used to simulate the base cases to assess the validity of the 218 numerical model. At the initial condition, the model domain corresponded to an entirely fresh 219 aquifer. The first stress period was used to set the first steady state condition, whereby the 220 freshwater and saltwater boundary were set at 135.7 mm and 129.7 mm, respectively, 221 allowing penetration of saline water into a fully fresh model domain. In the next three stress 222 periods, the freshwater head was dropped such that to impose head differences dh = 5.2 mm 223 and 4.4 mm, 3.6 mm to the system. The last stress period was dedicated for the retreat of the 224 saltwater water wedge, following the rise of the head difference to its initial value (dh = 6 225 mm).
226
The SEAWAT models were then used to perform numerical simulations incorporating the 227 subsurface dam. The later was simulated by rendering the cells occupied by the wall as permeability zone, which accounts for two thirds of the aquifer height.
263
The further decrement of the head difference down to dh = 3.6 mm induced a reduction in the The data show that the shortest saltwater intrusion toe length was exhibited in case LH for all 
337
In order to observe the spillage of saline water over the wall, the head difference was 2.8 mm in case HL (Fig 7) , while an additional inland head drop (dh = 2 mm) was needed in 342 cases H, LH and HLH (Fig 8) . In other words, the spillage of saline water occurred following 343 the application of a hydraulic gradient 0.0074 in case HL, and 0.0053 in the other cases.
344
In case HL, the spillage occurred 12 min following the application of dh = 2.8 mm, and it 345 took nearly 100 min for the saltwater length to extend up to 21.6 cm from the sea boundary where the flow is increased due to the middle low K layer. The rate of inland extension of the saline water was quantified in each case in order to assess 378 the difference in time taken to reach the critical point Xcrit, following the head decrement from 379 dh = 2.8 mm to dh = 2 mm. The parameter ΔXadv(t) is introduced to characterise the distance 380 to be travelled by the toe before reaching Xcrit, such that ΔXadv(t) = abs[X(t) − Xcrit]/ Xcrit; 381 where X(t) is the toe length at time t. We considered that the critical point Tcrit was reached 382 when ΔXadv(t) becomes smaller than 1%. The curves of ΔXadv(t) are shown in Fig 9 and has already intruded deeper into the freshwater zone prior to applying dh = 2 mm; it was 385 therefore not deemed necessary to include this case in this analysis.
386
The data show that the inland extension of the saline water was considerably lower in cases
387
LH and HLH compared to the homogeneous scenario (Fig 9) . This means that the rate of (Fig 11) . The model-predicted inflow rate was also recorded in each aquifer between the crest and the layer boundary, resulting in a visibly smaller saline plume and a 444 rather curvier interface, in agreement with the experimental observations (Fig 6) . In other 445 words, the ability of the subsurface dam to resist SWI mechanism increased compared to the 446 homogeneous case, despite the recorded inflow rate was decreased by 32% in this setting 447 relative to the homogeneous scenario. It is also interesting to note that the inflow rate was 448 smaller than in case HL, which suggests that the flow magnitude at the crest of the wall has 449 greater influence on the ability of subsurface dams to control SWI than overall freshwater 450 inflow rate. The second process, taking place in case HLH, is the weakening of the density contrast effects water observed in case HLH at t = 50 min tends to support this explanation (Fig 8) . Hence,
461
this process directly reduces the buoyancy forces and therefore helps the subsurface dam to 462 withstand the SWI mechanism, despite the magnitude of the flow velocity at the crest as well 463 as the inflow rate were both smaller than the homogeneous case.
464
The third process, occurring in case HL, is the subsequent slowdown of the freshwater flow in 465 the lower part of the system leading to the lowering of the freshwater flow at the crest of the 466 wall. This is clearly observable in Fig 11, where the red zone at the crest of the wall is much 467 smaller than the homogeneous case. In other words, the flow at the crest exerts lesser 468 resistance to the buoyancy forces driving the intrusion compared to the homogeneous case.
469
This means that in such condition, the building up of the saline plume on the seaward side of 470 the wall is facilitated. This process therefore causes the weakening of the ability of the 471 subsurface dam to restrict the saline water intrusion mechanism, and induce easier saltwater 472 spillage compared to a homogeneous scenario, following even lesser drop of the inland head 473 boundary.
474
Receding-wedge phase 475 The receding-wedge phase was initiated by instantaneously raising the freshwater level such 476 that to increase the head difference from dh = 2 mm to the initial value dh = 6 mm. This 477 subsequently caused a sharp increase of the freshwater flow throughout the system that 478 abruptly repulsed the saline water towards the seaside (Fig 12) . The receding process was The migration rate of the receding wedge was analysed in all the cases and the results are The complete cleanup of the freshwater zone required extending the test retreat time beyond velocity in the lower part of the system and thus promotes the easier lifting of saline water.
517
The second factor is the reduction of the total freshwater inflow, which leads to a reduction of 518 the forces required to lift the denser saline water upward back over the wall. In case HL, the presence of the underlying low K layer induced a substantial delay in the 
545
The results show that the receding rate of saline water in the numerical model yielded very 546 good agreement with the experimental data in all the cases (Fig 14) . The time required for 547 complete removal of saline water from the landward side of the wall was also reported in 548   table 6 . The data show that it took relatively less time for the freshwater zone to be These findings imply that the in cases of equivalent water table rise, the time required for the 553 residual saline water to be completely removed from a coastal aquifer system would be 554 substantially longer in presence of low permeability layers into the system, compared to an 555 idealized homogeneous aquifer system. In other words, the ability of subsurface dams to clean 556 up coastal aquifer from intruded saline water may be largely overestimated when neglecting 557 aquifer heterogeneity effect through the assumption of idealized homogeneous condition. 
Summary and Conclusions
573
In this study, laboratory experiments and numerical simulations were used to assess the 574 impact of layered heterogeneity on the ability of subsurface dams to control saltwater 575 intrusion and to clean-up salinized coastal aquifers. Three layering configurations were 576 examined, where a low K layer was located in the top part of the system (case LH), in the 577 middle part of the aquifer as interlayer (case HLH) and at the bottom part of the system (case 578 HL). An idealized homogeneous aquifer (case H) was also examined for reference purposes.
579
The performance of subsurface dams was tested for their ability (1) to restrict the saline water 
